Abstract | It is generally held that the retinoblastoma (RB) tumor suppressor functions in multiple tissues to protect against tumor development. However, preclinical studies and analysis of tumor samples of early disease did not support an important role of RB loss in the origin of prostate cancer. By contrast, recent observations in the clinical setting and subsequent modeling of RB function indicate that the tumor suppressor has specialized roles in controlling androgen receptor expression in prostate cancer, and primarily functions to prevent progression to the castration-resistant stage of disease. Furthermore, preclinical models have now shown that loss of RB expression or functional activity decreases the effectiveness of hormone therapy, yet seems to increase sensitivity to a subset of chemotherapeutic agents. Here, the current state of knowledge regarding the implications of RB loss for prostate cancer progression will be reviewed, and potential opportunities for developing RB as a metric to predict therapeutic response will be considered.
Introduction
Prostate cancer remains the most frequently diagnosed malignancy in males in the USA and the second-most frequently diagnosed worldwide. Although the majority of men afflicted by this disease will die of competing causes, prostate cancer still results in substantial morbid ity and takes the lives of over 30,000 men yearly in the USA and over 250,000 worldwide. 1, 2 As castration (achieved surgically or pharmacologically) is an effective way to control the disease, 3 the vast majority of men who die of prostate cancer have castration-resistant disease. It is imperative, therefore, that the mechanisms involved in the development of castration resistance be understood, in order to arrive at effective therapies for the lethal prostate cancers. Multiple molecular abnormalities, including Nkx3.1 and PTEN downregulation, GSTP1 promoter methylation, MYC upregulation, and ETS transcription factor rearrange ments, have been described in prostate cancer and been held responsible for its pathogenesis, resistance and adaptation to existing therapies. [4] [5] [6] [7] While these studies have contributed immensely to our understanding of prostate cancer biology, none have proven to have the predictive value that the practicing clinician requires for incorporation into the management of patients afflicted by this malignancy. Herein, we review the literature that places the retinoblastoma (RB) tumor suppressor at the center of pathways implicated in prostate cancer progression, and suggests that therapy decisions might one day be made based on knowledge of the proficiency of the RB pathway.
Loss of RB and castration resistance
The demonstration of RB deficiency in the clinical setting was initially complicated by the large size of the gene 8 and the multiple levels at which the function of the 928-amino-acid protein can be disrupted. 9, 10 Bookstein et al. 11 first reported a deletion at exon 21 of the RB1 gene in DU145 prostate cancer cells resulting in a non functional RB protein, and then demonstrated that a deletion of nucleotides 29-131 abrogated the promoter activity of RB1 in one of seven prostate cancer tumors (interestingly, one with a mixed small cell and adeno carcinoma morphology). Although additional point mutations and base deletions were subsequently described, 12 a mutational hotspot of the RB1 gene in prostate cancer could not be found. 13, 14 A number of studies then reported allelic loss of the RB1 gene in 27-67% of prostate tumors, as well as decreased levels of transcript and protein immunostaining. [15] [16] [17] [18] [19] [20] [21] However, it is imperative to note that retention of immunohistochemical positivity does not equate to retention of RB function, as its tumor suppressor activity can be dismantled via alternative means. 9, 10 It has been established in other tumor types that, despite retention of immunohistochemical positivity, RB function can be inactivated through upstream signaling pathways that alter post-translational modification of the protein through loss of cofactors that are required for RB function and/or through mutations that result in production of nonfunctional RB protein. 9, 10, 22 Nonetheless, these studies did show an increase in the frequency of RB1 alterations associated with disease stage and, more remarkably, with exposure to androgen ablation therapies and disease progression.
In order to obtain a more rigorous assessment of RB activation state and to truly discern RB status, even in tumors scoring positive for the protein, gene expression "signatures" were developed using models of genetic RB deletion. [23] [24] [25] [26] These signatures have been extensively described and reviewed, and have been validated across multiple model systems to accurately reflect RB status. Notably, the signature overlaps with-but is distinct from-proliferative signatures, further underscoring the impact of RB on cancer cell phenotypes. Application of this gene signature in the context of prostate cancer further reinforced two concepts: first, despite its relatively low frequency in primary disease, a high representation of the RB loss signature is associated with reduced recurrence-free survival after prostatectomy; 21, [23] [24] [25] [26] and second, RB function is ablated at high frequency in advanced, castration-resistant tumors. 21 Overall, these observations indicate that loss of the RB tumor suppressor primarily occurs during tumor progression, particularly in the transition to castration resistance.
Role of RB in prostate tumorigenesis
The observation that RB loss is infrequent in primary disease is consistent with the results of preclinical studies investigating the role of RB in prostate tumorigenesis. The RB tumor suppressor is generally thought to protect against tumor development in other tissues through the capability of the protein to suppress expression of genes associated with cell cycle progression, DNA replica tion, and apoptosis; however, preclinical studies evaluating the functional consequences of RB loss in human prostate cancer cells surprisingly showed that this event does not confer a proliferative advantage in vitro or in vivo. 11, 21, 27 Reconstitution of RB can attenuate prostate tumori genicity in human tumor xenograft studies, 28, 29 although conditional deletion of Rb1 in the mouse prostate epithelium produces epithelial hyperplasia without atypia. 30 Similar results were observed using murine epithelia in tissue recombination models, wherein Rb1 deletion yielded little discernible effect on prostatic histodifferentiation, but mild epithelial hyperplasia was observed. 31, 32 Interestingly, in a subset of these tissue recombination models, the addition of exogenous steroid hormones (testosterone plus estradiol) did lead to Rb1-loss-dependent prostatic intraepithelial neoplasia (PIN) and invasive carcinoma, supporting the existence of cooperation between RB function and the androgen receptor (AR) axis. In unchallenged models, however, even when RB1 is inactivated together with related proteins (p107 and p130), only PIN lesions ensue. 33 In the context of genetically engineered mouse models, it takes conditional inactivation of both p53 and RB in the murine prostate epithelium to produce metastatic adenocarcinoma of the prostate that shares similarities with the human disease. 34 While these findings reveal a link between RB loss and advanced disease in mouse models of prostate cancer, it is important to keep in mind the differences between mouse and human prostate: the murine prostate is anatomically distinct from that of humans, with functional zones (in humans) versus lobes (in mice), and obviously carries a distinct microenvironment. In addition, the murine prostate does not Key points ■ The retinoblastoma (RB) tumor suppressor is frequently lost or functionally inactivated in castration-resistant prostate cancer ■ RB protects against progression to castration resistance in part through modulation of androgen receptor expression and activity ■ Xenograft models of human prostate cancer suggest that RB downregulation contributes to the emergence of the castration-resistant phenotype ■ Although RB-deficient tumors may respond poorly to hormone therapy, evidence in multiple cancer types suggest that tumors low in RB exhibit a heightened initial response to chemotherapy ■ Tumor cells deficient in RB function show tissue-specific and context-specific loss of DNA damage checkpoints ■ RB status is a candidate for development as a pharmacodynamic marker of transition to castration resistance and as a predictive marker of response to therapy that might guide therapeutic decisions produce PSA, a clinical marker of disease development and progression that figures prominently in assessing resurgent AR activity and recurrent tumor formation. 35 Further investigation is needed to identify and develop model systems of RB loss that faithfully recapitulate events observed in human disease.
RB loss and hormone therapy failure
Of greater potential significance for the practicing clinician is the implication of RB in the response to androgen and androgen withdrawal in prostate cancer. Initial studies showed that, in human prostate cancer cells, androgen signaling downregulates RB activity (via phosphoryla tion), thus facilitating cell cycle progression. By contrast, androgen withdrawal bolsters RB function, thereby promoting G1 arrest. 36, 37 Follow-up studies unexpectedly showed that the proliferation of RB-deficient prostate cancer cells was more resistant to androgen depletion and/or the AR antagonist bicalutamide than their isogenic RB-proficient counterparts, both in vitro and in vivo. 21, 27 Consistent with these observations, activation of E2F1, a transcription factor that is activated upon RB loss, promotes resistance to androgen deprivation in human prostate cancer cells. 38 The underlying mechanisms by which RB loss or E2F1 activation facilitates a bypass of hormone therapy proved unexpected, and shed light on the unique means by which RB protects against tumor progression in the prostate. Strikingly, it was observed that RB directly controls expression of AR, whose activity is the target of androgen deprivation therapy. The tumor suppressor function of RB is thought to require the ability of the protein to bind DNA and control gene expression: in the context of prostate cancer, it was discovered that RB binds to regions responsible for controlling AR gene expression, thereby repressing AR mRNA expression and protein accumulation. 21 Conversely, loss of RB resulted in upregulation of AR, promoted androgen-independent expression of AR target genes (such as PSA), and was suffi cient to confer castration resistance in vivo. Moreover, investigation of metastatic castration-resistant prostate cancers from patients who failed hormone therapy revealed that RB-deficient tumors showed dramatically upregulated AR expression compared to tumors that achieved castration resistance with RB intact. Finally, the ability of RB loss to confer castration resistance proved to be dependent on heightened AR expression, as downregulation of AR by small interfering RNA (siRNA) resulted in loss of the castration-resistant phenotype induced by RB depletion. 21 Subsequent studies in mouse models further support the contention that RB functions to prevent progression to invasive disease, 39 although its impact on castra tion resistance was not assessed in this study. These collective observations put forward a new paradigm for RB as a selective suppressor of tumor progression in prostate cancer, 40 and suggest that a central function of the protein is to prevent the transition to castration resistance through controlling receptor activity (Figure 1) .
The ability of RB loss to promote castration resistance is relatively unique among the tumor suppressors that are commonly altered in human disease, including PTEN and p53. Genetic alteration of the PTEN pathway or upregulation of PI3K signaling is frequently observed in metastatic disease. For example, loss of PTEN itself is more common in metastatic disease compared to primary disease (~42% versus ~4%, based on recent genomic profiling). 41 The role of this tumor suppressor in tumor development and progression is unequivocal, yet its impact on progression to hormone-therapy resistance remains uncertain. In genetically engineered mouse models, PTEN loss promotes castration resistance; however, depletion of PTEN in human tumor xenografts does not ablate castration responsiveness. 42 Similarly, p53-deficient cells respond to castration in mouse models, 43 while a direct relationship between p53 loss and castration resistance in human disease has not been clearly demonstrated. These collective findings suggest that the impact of RB function on human disease may be distinct from that resulting from p53 or PTEN loss, which might explain the observed frequency of combined loss in advanced disease.
Tailoring therapy based on RB status
Assessment of RB function in the preclinical setting, combined with the known behavior of RB-deficient tumors in other tissue types, has led to the development of the enticing hypothesis that therapy for advanced prostate cancers could be tailored to RB status (Figure 2 ).
RB-positive tumors
In tumors that retain RB expression, it is speculated that hyperactivation of its tumor suppressor function could result in therapeutic gain. If clinically achievable, RB activation would be expected to afford suppressive effects with regard to cell cycle progression, but would also be anticipated to prevent AR upregulation and potentially delay the onset to castration resistance.
How to hyperactivate RB function in the clinical setting remains a subject of intensive investigation, but significant strides are being made toward this end. First, a tumor-targeting nanocomplex encoding RB94-a 94 kDa N-terminal truncated RB protein that results in specific and significant cytotoxicity to both RB-proficient and RB-deficient tumor cells 44, 45 -has been delivered efficiently to bladder cancer subcutaneous xenografts after intravenous administration to the xenograft-bearing mice, 46 and is currently in phase I clinical trials. Second, next-generation cyclin-dependent kinase (CDK) inhibitors might provide a robust means to engage RB tumor suppressor activity. Several CDKs in the G1 phase of the cell cycle promote cellular proliferation in part by directly phosphorylating the RB protein, thereby dampening the ability of RB to repress gene expression and exert tumor-suppressive activity. Although first-generation nonselective, pan-CDK inhibitors such as flavopiridol and CY-202 failed to provide reasonable clinical benefit, these disappointing outcomes have been attributed to the overt toxicity and off-target effects associated with these agents. 47 A number of new CDK inhibitors are in early clinical trials, [48] [49] [50] and PD-0332991, an oral inhibitor of CDK4 and CDK6, has already shown good tolerability and preliminary evidence of clinical activity in phase I trials. 51, 52 Importantly, pre clinical evidence suggests that PD-0332991 is particularly effective against RB-proficient tumors 53, 54 and displays synergy with hormonal manipula tions in breast cancer cell lines. 52 Thus, the influence of RB-activating agents on the response to androgen deprivation therapy should also be considered.
While intact RB function is required for responsiveness to CDK4 inhibitors, it should be noted that use of these agents could be particularly effective in tumors that have alterations in the MYC pathway. Recent evidence has solidified a role for MYC in both early and late-stage (invasive) disease, 7, 41, 55 and although the role of MYC in tumors is complex, the ability of this oncogenic transcription factor to drive cell cycle progression is well established. 56 It will be of interest to determine the frequency with which MYC alteration occurs in combination with RB deficiency in order to assess the impact of these combined events on human tumor phenotypes, and to further address the response to CDK4 inhibitors in this context.
RB-negative tumors
While RB-proficient tumors are expected to respond to hormone therapy and might benefit from adjuvant means of increasing RB function, treatment of RB-null or RB-deficient tumors presents a significant clinical challenge. As described above, most human tumors devoid of RB or defective in RB function are associated with high AR expression, poor outcomes, and resistance to hormone therapy-phenotypes that are recapitulated in preclinical models showing that RB depletion is sufficient to confer castration resistance. 21 These observations beg the question of whether men whose absolute PSA value does not decrease to less than 0.2 ng/ml after androgen depletion (a strong independent predictor of survival in the metastatic setting) 57, 58 are in fact men with early loss of RB function. If so, perhaps monitoring of RB status could lead to early identification of these men, who might be candidates for further AR depletion strategies, early chemotherapy or treatment with novel agents.
Intriguingly, small-cell carcinoma of the prostate, an increasingly recognized finding in patients who display rapid progression of castration-resistant disease, is character ized by loss of RB expression (much like small-cell carcinomas arising in other organs like the lung), 59 but also by loss of AR expression, indicating that, in the case of small-cell prostate cancers, RB loss utilizes alternative means of inducing aggressive disease pheno types. It will be of critical importance to determine the molecular impact of RB perturbation in this tumor type. Nonetheless, it is noteworthy that although the presence of small-cell morphology in prostate cancer predicts resistance to hormonal therapies, it also predicts a high response rate (albeit short-lived) to chemotherapy. 60 This is in line with mounting evidence that RB deletion confers hypersensitization to a subset of DNA-damaging agents. 61 Indeed, genetically defined model systems have shown that RB-deficient cells fail to sense and/or elicit cell cycle arrest in response to DNA damage, thus leading to mitotic catastrophe and loss of cell survival. However, subsequent investigation of RB status and its impact on chemotherapy response in breast, lung, and prostate cancer preclinical models suggest that while RB-deficient tumor cells do show marked sensitization to chemotherapeutics, the observed effects are tissue and agent specific. 23, 27, 62 In prostate cancer cells (not including small-cell prostate carcinoma), in vitro RB depletion resulted in modest sensitization to taxanes and topoisomerase inhibitors but not cisplatin, whereas lung and breast cancer cells depleted of RB showed increased susceptibility to platinating agents.
While the underlying basis for this selectivity remains to be fully understood, additional evidence to support the contention that the compromised response of RB-deficient cells to DNA damage can be exploited therapeutically comes from a number of clinical observa tions in different human malignancies. In breast cancer, tumors with low RB function are associated with improved response to chemotherapy in estrogen-receptor-negative disease. 26, 53, 54, 63 In bladder cancer, tumors with inactive RB showed an increased rate of pathologic complete response and clinical down staging after neoadjuvant radiation therapy prior to cystectomy. 64 In head and neck cancers, multiple clinical reports have shown that there is improved local control, improved disease-specific survival, and improved overall survival in patients with tumors carrying the human papillomavirus (HPV) when treated with either radiation therapy alone or combined with cisplatin-based chemo therapy. 65, 66 The oncogenic potential of this virus depends on sequestration and inactivation of the RB tumor suppressor. In fact, the endogenous CDK inhibitor p16, expression of which is frequently induced as a consequence of RB inactivation, is used as a marker for HPV positivity. A phase III multiinstitutional trial found that HPV status (indicative of RB inactivation) was the major determinant for overall survival. 67 This increased radiosensitivity and chemosensitivity has led the Radiation Therapy Oncology Group (RTOG) to begin to consider de-intensifying Recent studies support the hypothesis that RB tumor suppressor activity can be enhanced through the use of pharmacologic agents that heighten tumor suppressor activity (for example, CDK inhibitors and RB94). By contrast, tumors deficient in RB function would be expected to require further AR suppression, would potentially benefit from agents that restore RB activity (for example, RB94), and may be hypersensitive to selected chemotherapy agents that induce DNA damage. Abbreviations: AR, androgen receptor; CDK, cyclin-dependent kinase; RB, retinoblastoma; RB94, 94 kDa N-terminal truncated RB protein.
therapy in patients with head and neck cancers on the basis of p16 expression.
The specific role of p16 in prostate cancer remains incompletely defined. Biochemically, low p16 expression, which is thought to compromise RB function, was associated with an increased risk of distant metastases in RTOG 9202, and indicative of a subgroup of locally advanced tumors that exhibit distinct patterns of failure after long-term androgen deprivation therapy; however, investigation of locally advanced prostate cancer suggests that loss of RB and loss of p16 are not redundant. 68, 69 In both hormone-sensitive and castration-resistant prostate cancer in vitro and in vivo models, RB depletion led to increased radiosensitivity, apparently mediated through alterations in cell cycle checkpoints. 70 In addition, over expression of E2F1, a key target of RB, has also been shown to radiosensitize multiple prostate cancer model systems through induction of apoptosis. 71 Further investiga tion is needed to determine the relationship between RB, p16, and the response to radiotherapy in prostate cancer.
Based on these collective findings, it is tempting to speculate that tumors harboring loss of RB expression or function may be particularly susceptible to radiation therapy and chemotherapeutic agents that directly induce DNA damage and/or promote genotoxic stress.
Conclusions and future directions
Substantive clinical evidence points toward a role for RB in protecting against prostate cancer progression, and preclinical modeling demonstrates that RB loss in human tumor xenografts promotes the transition to castration-resistant disease states. While these observations provide insight into the molecular underpinnings of disease progression, recent advances reviewed herein suggest that RB status is a solid candidate for development as a marker of transition to castration resistance and as a predictive marker of response to therapy that might guide thera peutic decisions. Critical challenges remain for addressing this postulate, and for further discerning the timing and relevance of RB perturba tions. First, is RB a biomarker for poor response to AR-directed therapies? This concept should be formally tested, as RB loss promotes recruitment of AR to its target genes despite the presence of androgen blockade with first-generation anti androgens. Second, are the new second-generation antiandrogens or CYP171A inhibitors effective in the setting of RB loss, or are substantive clinical or pathologic responses limited to the RB-proficient setting? Third, how does the role of RB in disease progression, clinical phenotypes, and therapeutic response vary in the transition to AR-positive, castration-resistant disease versus small-cell tumors? Similarly, the role of RB in the stem-cell-like or cancer-stem-cell population has yet to be definitively explored, and the effect of the microenvironment on the response to RB loss should be considered. Fourth, how can RB-deficient tumors be optimally managed? While current studies indicate that these tumors may be hypersensitive to a subset of chemotherapy agents, additional investigation is needed to identify the agents that are most effective in the RB-deficient setting and to determine whether the improved response to chemotherapy is durable. Fifth, does therapeutic activation or reintroduction of RB provide clinical benefit? This concept is intriguing and warrants further clinical investigation. Sixth, and perhaps most importantly, how can RB status be feasibly and definitively assigned? Immunodetection of the RB protein is not likely to be definitive; development of surrogate markers for RB function and/or utiliza tion of gene signatures may improve identification of RB status. Additional consideration of this hurdle will be essential for truly assessing the utility of the RB pathway as a means of predicting clinical behavior.
In conclusion, it is apparent that the RB tumor suppressor has a significant role in protecting against the development of aggressive prostate cancer phenotypes, and that RB status substantially and differ entially influences the response to hormone therapy and chemo therapy. While challenges remain with regard to harnessing this knowledge to improve clinical care, recent advances to this end suggest that further investigation is warranted.
Review criteria
The articles selected for this review were chosen based on MEDLINE database searches to identify manuscripts on the subject of RB expression and function in the context of human malignancy. Additional emphasis was given to studies that assessed the potential impact of RB perturbation on therapeutic outcome in any tumor type, and assessment of RB status in clinical samples. While the focus remained on preclinical (for example, human tumor xenograft) and clinical implications of RB loss, parallels in mouse models of disease were also searched and included in the Review.
